BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES
DOI:10.24425/bpasts.2026.1949

THIS IS AN EARLY ACCESS ARTICLE.
This article has been accepted for publication in a future issue of this journal,
but has not been fully edited. Content may change prior to final publication.

Low-power logic function implementation by
means of SOP networks

Marcin Kubica', Bernard Wyrwot" and Dariusz Kania®

'Department of Digital Systems, Silesian University of Technology, 44-100 Gliwice, Poland

Abstract. Energy-efficient implementation of digital circuits is a key development direction in modern electronics, especially
in the context of the growing demand for mobile and integrated computing systems. Reducing energy consumption not only
extends battery life but also reduces heat emission, simplifying the design of cooling systems and increasing system reliability.
This article presents a method for designing energy-efficient combinational circuits implemented as SOP networks. The
essence of the solution is to modify the classical method known from the literature to minimize the number of switching events
across the entire network, taking into account varying switching probabilities of input signals. Unlike previous works, which
assumed identical switching probabilities, the proposed approach takes into account their actual, varying distributions.
Additionally, the number of logic levels is taken into account. The main goal of the method is to reduce the switching activity
of the SOP network, thus reducing dynamic power consumption. The proposed solution is universal: it allows for the search for
energy-efficient configurations regardless of the implementation technology, focusing solely on limiting the number of
switching events in the implemented system. The developed algorithm for technology mapping logic functions into energy-
efficient SOP networks has been verified using numerous benchmarks. Experimental results confirm its high efficiency and

significant potential for dynamic power reduction.
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1. INTRODUCTION

New directions in the development of contemporary digital
technology are making certain aspects of digital system design
crucial. One of these is the energy efficiency of the designed
digital systems. Reducing power consumption extends the
operating time of battery-powered devices, increasing their
mobility, and also improves the reliability of the systems,
particularly important in critical applications such as medicine,
the military, or space exploration. Reducing power
consumption also reduces the amount of heat generated, which
in many cases can lead to damage to logical structures.
Therefore, in the design of modern systems, including
solutions based on artificial intelligence [1], fuzzy logic [2],
and loT technologies [3, 4], it is essential to consider issues
related to power reduction.

Given the presented problem, the question naturally arises
about effective methods for reducing power consumption in
digital systems. Various technological developments aimed at
minimizing energy consumption play a significant role here.
Observed progress in microelectronics, including systematic
reductions in supply voltage, undoubtedly contributes to
significant reductions in power consumption. However, the
question of the limits of further reduction arises, as does the
fact that implementing new technologies is associated with
high costs and long implementation cycles. In this situation,
the ability to reduce energy consumption at the system design

stage becomes particularly important. Therefore, a key
question arises: how can digital systems be designed to reduce
their energy requirements without interfering with the
technological layer? An analysis of the available literature
indicates that many interesting and promising solutions have
been proposed in this area.

There are many works focusing on both architecture and
technology. A good example is the work demonstrating
efficient implementation of arithmetic operations [5]. From a
technological perspective, it is possible to reduce static power
by using the nonvolatility feature of the magnetic tunnel
junction (MTJ) device to implement multi-valued logic [6]
and by using carbon nanotube field effect transistors to
implement nonvolatile quaternary flip-flop (NQFF) [7]. This
approach can be generalized to the standard quaternary
inverter (SQI) [8] or nonvolatile quaternary pre-charged
memory [9].

The idea of reducing power consumption is most often
associated with the high-level synthesis stage [10-14].
Reducing power consumption at the system level [10, 15-18]
yields good results. Techniques include dividing tasks into
software and hardware parts [15, 16, 19] or temporarily
disabling selected modules.

Similarly, in the case of low-level synthesis, a number of
techniques exist to reduce power consumption. These include
methods associated with supply voltage modification, such as
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power gating [20, 21], or locally reducing the supply voltage
[22-25]. Methods that reduce the operating frequency of the
system also offer significant benefits: temporary blocking of
the clock signal (clock gating) [26-30], and locally reducing
the clock signal frequency in selected modules of the designed
system [14, 31, 32]. An extension of these ideas is the idea of
designing GALS  (Globally  Asynchronous  Locally
Synchronous) structures [33-37], where the system is globally
asynchronous, with only locally synchronous modules.

From the perspective of low-level synthesis, it is crucial to
divide the implemented system into sequential and
combinational parts. In the case of sequential circuits,
appropriate encoding of the internal states of the FSM (Finite
State Machine) becomes crucial [38—43]. Typically, encoding
should be performed in such a way as to reduce the number of
memory block switches. Naturally, other concepts for
reducing power consumption are also known in the case of
circuits, including those presented in [11, 44-47]. The same
applies to combinational circuits. Here, the number of
switches in the logical network is reduced. This can be
achieved through appropriate function decomposition [48-51]
or directly by minimizing the circuit area through the output
graph [52] and its optimization [53]. In [48], decomposition
methods targeted at CPLDs were presented, while in [49], a
new method for cutting BDD diagrams that takes into account
switching activity was presented, which was generalized using
unicoding to a set of functions in [50]. In [51], the earlier idea
was supplemented with methods for quickly combining
functions into appropriate sets and grouping them into
clusters. Good results can also be obtained by taking into
account specific features of target architectures, as presented
by the authors in [54-56] for logic functions implemented
based on Sum of Product (SoP) blocks. In [56], the use of
output graphs in the mapping process in SOP blocks was
proposed, while in [55], a method for optimizing these graphs
in terms of switching activity was proposed. The paper [54]
focuses on the classical method for mapping in SOPs. None of
the previous works considered probabilities at the input of the
structure other than 0.5, which is of considerable importance,
as shown in this paper.

The main contribution of this work is the development of an
original algorithm for technology mapping logic functions into
a network of SOP blocks, enabling the achievement of a
network topology characterized by a minimal number of
switching events. Minimizing the number of switching events
directly translates into a maximum reduction in dynamic
power. The universality of the proposed algorithm stems from
its applicability to the implementation of any combinational
circuits mapped into a network of SOP blocks, regardless of
the varying switching activity of individual inputs. The
presented method generalizes previously developed solutions
[54, 56]. Given the assumed number of products occurring in
the SOP block, it leads to a network with a minimal number of
switching events, and thus to solutions requiring minimal
energy input to implement the logic functions. A new element
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compared to previous work is the detailed analysis of the
dynamic properties of the obtained solutions, which boils
down to observing the number of logical levels of the resulting
SOP networks.

The paper is divided into sections. Section 2 discusses the
basic concepts associated with dynamic power minimization
in digital systems. Additionally, the concept of a SOP block is
explained. Section 3 focuses on methods for mapping
functions in SOP networks. Section 4 analyzes the impact of
individual mappings on the number of logical levels in the
SOP network. Section 5 describes the idea of an original
mapping that leads to a reduction in network switching
activity. This idea is presented in Section 6 in the form of a
detailed algorithm. An example explaining the proposed idea
is also presented. Section 7 presents experimental results. The
paper concludes with a summary and final conclusions.

2. THEORETICAL BACKGROUND

The problem of power consumption in digital systems is
complex and multifaceted. Total power dissipation consists of
two fundamental components: static power (Pstat) and
dynamic power (Pdyn). Static power is closely related to the
circuit's technology, while dynamic power results directly
from the implementation and organization of a given project.
The remainder of this article focuses on the analysis of
dynamic power, which requires identifying key factors leading
to its minimization. Every digital system has certain
constraints related to the supply voltage Vdd. Typically,
constraints related to the circuit's operating frequency (f) can
also be considered. A digital system is typically a logical
network in which individual nodes (gates, blocks, etc.) are
connected by lines characterized by capacitances C;.
Recharging these capacitances requires a certain amount of
energy, so it can be concluded that the smaller the logical
network, the lower the dynamic power. Taking all this into
account, the dynamic power Pdyn for an n-node logical
network can be expressed by Eq. (1).

1
den = Z?:l ;SVVL G- ded (1)

A key factor determining the value of dynamic power is the
frequency of capacity reloading in individual network nodes
(C). A quantity directly related to this phenomenon is
switching activity SWi, which is an element of relationship
(1). Switching activity defines the number of logical state
changes to the opposite in the i-th node of the analyzed logical
network, relative to time. This corresponds to a transition from
state 0 to 1 or 1 to 0. The question arises how to determine this
parameter. It turns out that knowing the probabilities of the
value 1 or 0 occurring in the considered logical network node
is crucial. If p(x) denotes the probability of the value 1
occurring, then 1-p(x) will indicate the probability of the value
0 occurring in the considered node. Switching activity can
therefore be expressed by relationship (2).

SW=2-p(x)-(1-px)) @)
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Assuming the probabilities p(x) at individual inputs are
known and the inputs are independent, it is possible to
determine the probability of the value 1 appearing at the
output y for basic logic blocks. [54] presents the probabilities
p(y) for individual logic gates. It is also possible to determine
the probability of the value 1 appearing for more complex
functional blocks, such as multiplexers, demultiplexers, etc.
One popular way to describe logic functions is the sum-of-
products (SOP) form. This form can be represented in SOP
blocks. Such a block contains an OR gate with a fixed
number of inputs (expressed by the parameter k), to which
AND gates are connected. AND gates also have a fixed
number of inputs (expressed by the parameter n). Variables
can be connected to the input of the AND gate in either a
simple or negated form. The general form of an SOP block is
shown in Fig. 1.
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Implicant k
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Fig.1. Sum of products: gate mapping (a), SOP network node (b)

Depending on the values of parameters k and n, the probability
of occurrence of the value 1 at the output of the SOP block
(Psop(y)) may vary. The same applies to the switching activity
of such a block (SWsop). Paper [54] presents the influence of
the values of k and n on these parameters (for k=3, 5, and 7).
Complex logic functions require implementation not in a
single SOP block, but in the form of a network of SOP blocks,
which leads to the question of how SOP blocks should be
interconnected in the network.

3. SOP NETWORK

There are several ways to create an SOP network, which
represents a technological representation of logic functions. A
very effective method is the one based on output graphs [55—
57]. It provides very efficient implementations in terms of
resource utilization by taking into account the sharing of
logical resources [58]. However, this approach is not very
popular due to the relatively complex synthesis process.
Approaches in which each function is implemented separately
are much more common. Two classical methods can be
distinguished: cascade and parallel.

The classic cascade method [54] leads to a cascaded block
structure (blocks represent SOP vertices), in which the outputs
of subsequent blocks are connected to the inputs of subsequent
blocks (we assume that blocks have k products). The essence
of this implementation is shown in Fig. 2a. The classic parallel
method leads to the allocation of blocks in a single logic level.
This leads to a situation in which the inputs of a single block
are connected to several outputs from blocks located earlier.
The essence of this implementation is shown in Fig. 2b.
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Fig.2. Implementation of the SOP network: using the classic cascade
method (a) and the classic parallel method (b)

The properties of such a structure can be described
mathematically. Let A; denote the number of implicants of the
function f: B™ — B for which the function takes the value 1.
In a situation where Af> k, it becomes necessary to create a
network of SOP blocks, created in a cascade or parallel form.
In each case, the obtained network of SOP blocks containing
k-products, forming the function mapping, uses the number of
blocks 5f which can be determined from the relation (3),

& =L +1 ®)

where [ z] denotes the smallest natural number not less than z
[52].

The classic cascade and parallel methods are easy to
implement and are therefore widely used in commercial tools.
The question arises as to the effectiveness of these
technological representations in terms of dynamic properties
and dynamic power consumption.

4. DYNAMIC PROPERTIES OF THE SOP NETWORK

Let §f denote the number of levels of the SOP network
constituting the technology mapping of the function f: B™ —
B, whose minimal form contains A> k implicants.

In the case of mapping logic functions using the classical
cascade method, we obtain a structure described by a network
of SOP blocks, the number of levels of which is §fc = & (Fig.
2a).

The application of the technology mapping of logic functions
using the classical parallel method (Fig. 2b) leads to a solution
characterized by a significantly smaller number of logic levels.
In this case, it is possible to implement it in the form of a
structure for which the number of levels &, is the minimal
natural number satisfying the inequality A, <k*r. This allows
determining the number of levels of the technology mapping
obtained by the parallel method g}:’ based on the relationship

(4).

ef = [lg, 4/ (@)
The parallel method of representing logic functions is
significantly more dynamic than the cascade method. It leads

to a structure with a minimal number of logic levels, making it
a viable approach for all other mappings.
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Let y; be a coefficient indicating how much the obtained
solution is worse than the optimal one in terms of dynamic
properties. Relation (5) allows for a comparison of different
solutions in terms of dynamic properties, where L; denotes the
number of levels of the considered mapping.

_ L
[tgr Af]

M, ®)

The resulting solution, an L-level structure, is compared to the
technological representation of the logic function using the
classical parallel method, which is dynamically optimal, i.e.,
one that contains the minimum number of levels.

For example, it is possible to compare the technological
representation using the classical cascade method with the
classical parallel method. The value of the coefficient p.,
which characterizes the quality of the cascade solution, is then:

B g_fc B [% +1 6
C_é;’_[lgkﬁf] ()
its value can be interpreted as a quantity indicating how many
times greater the number of levels obtained in the mapping
using the classical cascade method is in relation to the optimal
method in terms of the number of levels, i.e. the classical
parallel method. It is worth noting that the value of the
coefficient u, is a function of two arguments: the number of
products in the SOP block (k) and the number of implicants of
the mapped logic function (4y).

5. TECHNOLOGICAL REPRESENTATION OF
COMBINATIONAL CIRCUITS IN THE FORM OF AN
ENERGY-SAVING SOP NETWORK

The classical methods for implementing combinational
circuits in the form of a cascaded or parallel network of SOP
blocks, presented in Section 3, although they utilize a minimal
number of blocks, do not minimize energy consumption. This
is because implementing combinational circuits in a structure
that utilizes a minimal number of logical resources (minimum
number of SOP blocks) does not minimize dynamic power. In
this situation, when seeking an energy-efficient solution, it
becomes necessary to look not only for an implementation that
utilizes the minimal number of SOP blocks but also ensures
the minimal number of switches in the resulting network
nodes. With dynamic power minimization in mind, it becomes
necessary to minimize the number of switches in each node of
the system. Considering the entire system implemented in a
specific technology, the optimization process comes down to
minimizing the total value of the SW coefficient, which is the
sum of the SW; coefficients determined for each internal signal
in the resulting SOP block network.

In the process of technology mapping of combinational
circuits, which is focused on minimizing switching activity
(SW), the location of signals with the highest switching
capacity in the immediate vicinity of the logical network
output plays a key role [54]. This strategy allows for limiting
the propagation of logical changes throughout the circuit, thus

eliminating unnecessary switching. Therefore, in the case of
synthesis of structures based on SOP blocks, the first step
should be to identify and map function implicants
characterized by low switching activity, which translates into a
reduction in the total number of switching events in the logical
network.

For any node x in the network of SOP blocks, the probability
of the appearance of the logical value "1", denoted as p(x)
satisfies the condition: p(x) € (0,1). According to Eq. (2), the
value of the switching ratio SW in node x reaches its
maximum for p(x) = 0.5.

The function SW = f(p(x)) is an even function with respect
to the argument shifted to the value 0.5, which can be
expressed as SW(p(x)) = SW(p(x) — 0.5). The value of
SW therefore depends only on the absolute deviation of the
probability p(x) from the value 0.5, and not on its direction. In
this situation, in the process of logic synthesis of functions
implemented as a network of SOP blocks, priority should be
given to mapping those implicants or outputs of blocks for
which the value |p(x) — 0.5] is the largest, as this leads to
minimizing the switching activity of the entire network. To
unify the deviation measure, let us introduce the coefficient 1

A=Ip(x)—0.5]| ()

The A coefficient defines a measure of the switching activity
of the analyzed point of the system by determining its distance
from the point of maximum switching activity. The value of
the A coefficient is therefore a criterion for ordering individual
implicants of the logic function in terms of their impact on the
value SW of the final technological representation. In the first
phase of the SOP block network construction process, the SOP
block should be appended with products associated with
implicants for which the maximum values of the A coefficients
occur. In subsequent stages, the implicants or outputs of
already created SOP blocks for which the associated A
coefficients reach maximum values. This type of procedure
enables the creation of a SOP block network characterized by
the minimum value of the SW switching index.

When creating a technological representation of logic
functions in the form of a network of SOP blocks with a
specified number of products, the issue of how to handle
unused products arises. Since an unused product does not
generate network switching, from an energy perspective, it is
worth ensuring that all products contained in blocks close to
the circuit outputs are used. A consequence of this type of
procedure is the need to leave unused products in the block
created in the first step of the representation. Therefore, it
becomes necessary to determine the number of unused
products at the beginning of the representation process. In the
case of a technological representation of a function that is the
sum of A - implicants, the number of unused products & can
be determined from Eq. (8).

e=k+(6-1)-k—D]-4; (8
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In this situation, the first SOP block should map k —¢
implicants of the implemented function. In light of the above
considerations, it becomes possible to formulate an algorithm
for mapping the logic function as an energy-efficient network
of SOP blocks. It turns out that the mapping results in a
structure containing u, logical levels, where n <p, <u..
Taking all this into account, we can propose an afgorithm for
technology mapping of the SOP network.

6. ALGORITHM FOR TECHNOLOGY MAPPING OF A
LOGICAL NETWORK IN THE FORM OF AN ENERGY-
SAVING NETWORK OF SOP BLOCKS

The pseudocode presented below describes the technology
mapping algorithm for logic functions represented as a
network of SOP blocks containing k-products. Line numbers
are provided for reference to specific algorithmic steps.

I_or_SOP = espresso (f) (1)
foreach i_or_sop in I_or_SOP (2)
A[i_or_sop] = calculatelA(i_or_sop)
I or_SOP = sort_max min(I_or_ SOP, A) (3)
n = k-¢ (4)
sop = selectElements(I_or_SOP, n) (5)
I or_SOP = I_or_SOP - inputs(sop) (6)
I or SOP = I or_ SOP + sop (7)
while size(I_or_SOP) > 1 (8)
{
A[sop] = calculateA (sop) (9)
I_or_SOP = sort_by insert(sop, A) (10)
sop = selectElements(I_or_SOP, k) (11)
I or_SOP = I_or_SOP - inputs(sop) (12)
I or SOP = I_or_ SOP + sop (13)
}
g = calculate_levels() (14)

The I_or_ SOP array initially contains all implicants and
their associated A coefficients, obtained by minimizing the
implemented function £ using the Espresso method (1). In
the next step (2), the A coefficients are calculated for each
implicant, and the entire array is sorted in descending order
using the sort_max min function (3). Next, the first sop
block in the network is implemented; it contains potentially
unused products and the first n implicants (4) with the
largest possible A coefficients from the I_or_SOP array,
selected using the selectElements function (5). The
products used in this first block are then removed from the
array (6), and the block itself (the output) is added to it (7).
Subsequent sop blocks are implemented sequentially in a
while loop as long asthe size of the I_oxr_SOP array —
which stores both the original implicants and the outputs of
successive blocks — is greater than 1 (it contains the last sop
block) (8). The following operations are performed within
the loop: calculating the A coefficient for the new sop block
(9), re-sorting the array (using insertion sort, as a full sort is
no longer required) (10), and creating another sop block
from the first k elements selected by the
selectElements function (11). These selected elements
are then replaced in the I_or_ SOP array by the newly
created sop block (12-13). After exiting the loop, the &
coefficient, which defines the number of layers, is
determined (14).

Example

Let's examine the technological representation of the example
function 9 from the 5xpl benchmark as a network of SOP
blocks containing three products (5xpl_f9.pla). Of course, we
are interested in the solution for which the SW coefficient
takes on a minimum value. The result of the function
minimization is presented in the file 5xpl f9.pla.

17
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The number of implicants of the minimized function is As =
11, which makes it necessary to use 5 SOP blocks according
to Eq. (3):

11-3

6f=[%]+1=[71+1=5

According to Eqg. (8) the number of unused products is:
e=[k+(6-1)(k—D]-A=[3+4-2]-11=0

In this situation, there will be no unused products in the first
SOP block and three implicants will be realized. The question
then arises as to which implicants should be represented in the
first block.

The columns of Table 1 contain the numbers of implicants (i1,
i2,..., i11) described in the file 5xpl_f9.pla together with the
assigned values of probabilities p(x) for the inputs (a, b, ..., g)
of individual implicants and the values of the coefficient A
characterizing the “distance” of the probability values from the
value 0.5.

TABLE 1. Parameter values of the analyzed function used in the
process of mapping the function in SOP blocks

px) 01 02 04 05 06 08 09

a b c d e f G pano(y) A
i1 0.1 0.2 1 0.5 0.6 0.2 1 0.00120 0.49880
i2 0.1 0.2 0.4 1 0.6 0.8 1 0.00096 0.49904
i3 09 | 08 1 05 | 04 | 08 1 0.11520 | 0.38480
ia 09 | 08 | 06 1 04 | 08 1 0.13824 | 0.36176
i5 0.1 1 0.4 1 1 02 | 09 | 000720 | 0.49280
i6 01 | 02 1 1 1 02 | 09 | 000360 | 0.49640
i7 0.9 1 1 0.5 1 0.8 0.1 0.03600 0.46400
i8 0.9 1 0.6 1 1 0.8 0.1 0.04320 0.45680
i9 0.9 0.8 1 1 1 0.8 0.1 0.05760 0.44240
i10 1 1 1 1 0.6 0.2 0.9 0.10800 0.39200
i11 1 1 1 1 0.4 0.8 0.1 0.03200 0.46800

In order to generalize the considerations, in the analyzed
example it was assumed that the input signals are associated
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with different values of the probability of the appearance of
the value 1. These values are placed in the row above the
designations of the input signals.

According to the algorithm for mapping functions in SOP
blocks (p. 3), in the first step of technology mapping, the
implicants are sorted according to the decreasing value of the
A coefficient. The sorting result is presented in Table 2.

TABLE 2. The result of sorting the implicants of the analyzed function
according to the decreasing value of the index A.

px) 01 02 04 05 06 08 09

a b ¢ d E f g panly) 2

i2 0.1 0.2 0.4 1 0.6 0.8 1 0.00096 0.49904
il 0.1 0.2 1 0.5 0.6 0.2 1 0.00120 0.49830
i6 0.1 0.2 1 1 1 0.2 0.9 0.00360 0.49640
i5 0.1 1 0.4 1 1 0.2 0.9 0.00720 0.49280
i1l 1 1 1 1 0.4 0.8 0.1 0.03200 0.46800
i7 0.9 1 1 0.5 1 0.8 0.1 0.03600 0.46400
i8 0.9 1 0.6 1 1 0.8 0.1 0.04320 0.45680
i9 0.9 0.8 1 1 1 0.8 0.1 0.05760 0.44240
i10 1 1 1 1 0.6 0.2 0.9 0.10800 0.39200
i3 0.9 0.8 1 0.5 0.4 0.8 1 0.11520 0.38480
i4 0.9 0.8 0.6 1 0.4 0.8 1 0.13824 0.36176

In the first SOP block, the first three implicants i2, i1, and i6
are implemented, for which the values of the coefficient A
assume maximum values. After the first step of technology
mapping, the successively created network of SOP blocks is
shown in Fig. 3.

i2 [111-13-]

11 [11-118-]

i6 [11---81]

Fig.3. Technological representation of the analyzed function after
creating the first SOP block.

Then, after first determining the probability of the value 1
appearing in the output of the created SOP1 block, it becomes
possible to determine the value of the Asop1 coefficient (p. 6),
which is 0.00575. In the next step (p. 7), the values of the A
coefficients are sorted, including the Asop1 coefficient, which
represents the output of the previously created block. The
sorting result is presented in Table 3. It includes the unmapped
implicants and the output of the previously created SOP1
block.

TABLE 3. Result of sorting the unmapped implicants of the analyzed
function according to the decreasing value of the index A.

px) 01 02 04 05 06 08 09

a b c d e f g Panp(y) A
sopl 0.00575 0.49425
i5 0.1 1 0.4 1 1 0.2 0.9 0.00720 0.49280
i1l 1 1 1 1 0.4 0.8 0.1 0.03200 0.46800
i7 0.9 1 1 0.5 1 0.8 0.1 0.03600 0.46400
i8 0.9 1 0.6 1 1 0.8 0.1 0.04320 0.45680
i9 0.9 0.8 1 1 1 0.8 0.1 0.05760 0.44240
i10 1 1 1 1 0.6 0.2 0.9 0.10800 0.39200
i3 0.9 0.8 1 0.5 0.4 0.8 1 0.11520 0.38480
i4 0.9 0.8 0.6 1 0.4 0.8 1 0.13824 0.36176

Next, another SOP block is added, in which two implicants i5
and i11 are implemented. The third product is used to connect
the output of the SOP1 block. The selection of the above
signals is a consequence of sorting the A values, which
indicated three signals that guarantee minimal switching of the
created block. The current mapping result is shown in Fig. 4.
The determined value Asop2 = 0.45550.

i2 [111-11-)

11 [11-138-]

i6 [11---81) 15 [1-1--81]

111 [----a18]

Fig.4. Technological representation of the analyzed function after
creating two SOP blocks (SOP1 and SOP2)

The result after sorting the values of the A coefficients
indicates that in the next step the i7, i8 implicants are realized,
while the third product was used to connect the output of the
SOP2 block, which is the result of the previously obtained
AsoP2 coefficient. The result of the mapping is presented in
Table 4 and graphically in Fig. 5, and the determined value
Asop3 = 0.24378.

TABLE 4. Sorting result after creating the SOP2 block

p) 01 02 04 05 06 08 09
a b c d e f g  pano(y) A
i 0.9 1 1 05 1 08 | 01 | 003600 [ 0.46400
i8 0.9 1 0.6 1 1 08 | 01 | 004320 [ 0.45680
sop2 0.04449 | 0.45550
i9 09 | o8 1 1 1 08 | 01 | 005760 | 0.44240
i10 1 1 1 1 06 | 02 | 09 [ 010800 | 0.39200
i3 09 | o8 1 05 | 04 | 08 1 0.11520 | 0.38480
i4 09 [ 08 [ 06 1 04 | o8 1 0.13824 | 036176
12 [111-13-] 17 [8--8-18]

11 [ii-i18-] 18 [e-a--18]

16 [11---81]

Fig.5. Technological representation of the analyzed function after
creating three SOP blocks (SOP1, SOP2 and SOP3)

In the next step, three more implicants i9, i10 and i3 are
realized. The table justifying the next step of creating the SOP
block network together with the network structure are
presented in Table 5 and Fig. 6, respectively. The determined
value of Asop4 is 0.36176.

TABLE 5. Sorting result after creating the SOP3 block

px) 01 02 04 05 06 08 09

a b c d e f g  pan(y) A
i9 0.9 0.8 1 1 1 0.8 0.1 0.05760 0.44240
i10 1 1 1 1 0.6 0.2 09 0.10800 0.39200
i3 0.9 0.8 1 0.5 0.4 0.8 1 0.11520 0.38480
sop3 0.11868 0.38131
i4 0.9 0.8 0.6 1 0.4 0.8 1 0.13824 0.36176
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12 [a11-11-]

i7 [e--e-18]

i1 [11-118-]

i8 [e-8--18]

16 [11---m] i5 [1-1--81]

§11 [oee-
ool 19 [ee---10]

118 [----181] Asope
i3 [ea-ee1-]

Fig.6. Technological representation of the analyzed function after
creating four SOP blocks (SOP1, SOP2, SOP3 and SOP4)

In the last stage, the last implicant i4 is realized in the SOP5
block, in which the remaining products are used to connect the
outputs of the SOP3 and SOP4 blocks as shown in Table 6.

TABLE 6. Sorting result after creating the SOP4 block

px) 01 02 04 05 06 08 09

a b c d e f g Ppano(y) A
sop3 0.11868 | 0.38131
ia 09 | o8 | 06 1 04 | 08 1 0.13824 | 0.36176
sop4 0.25622 | 0.24378

The final form of the technological representation of the
function, for which the total value of the SW coefficient is
2.84837, is presented in Fig. 7.
12 [111-114]
11 [11-118-]

}mpl
'iS [1-1--81] J' sop2 '\ﬁmpz‘;

i6 [11---m1]
111 [----e20]

i7 [e--8-10]

i9 [ew---18]

i3 [es-se1-]

Fig.7. Network of SOP blocks representing an example function
aimed at minimizing switching activity

Comparing the obtained solution with alternatives, it is worth
noting that much depends on the initial ordering of the
implicants. In the case of the classic cascade implementation,
which is a 5-level structure, obtained directly after function
minimization (Cl_cascade), i.e., without initial ordering of the
implicants (the implicant system is presented in Table 1), we
obtain a value of the coefficient SW = 4.32887, which results
in dynamic power losses being 51.2% higher than the
proposed energy-efficient solution. A slightly better result was
obtained for the parallel mapping (CI_parallel), with the total
value of the coefficient SW = 3.75092 (dynamic power losses
are 31.7% higher). Significantly better results are obtained
after initial ordering of the implicants (the ordering is
presented in Table 2). This time, for the cascade structure
(Cl_cascade_sort), which is of course also a 5-level structure,
the total SW value = 2.85404 (only a 0.2% increase compared
to the energy-efficient implementation). Unlike in the previous
sorting, the parallel structure (CI_parallel_sort), which is, as
before, a 3-level structure, is much worse in terms of energy,
because the value of the SW coefficient is 3.16779, which
causes dynamic power losses to be 11.2% higher compared to
the obtained energy-efficient structure.

7. EXPERIMENTAL RESULTS

The effectiveness of the proposed algorithm was verified by
performing a series of experiments. These were carried out
using a popular benchmark set [59] and dedicated software
developed for determining switching activity. To maintain
reliability and enable comparison of the obtained results with
previous works [54-56], only selected functions (as in
previous works) were used in each benchmark. The
experiments were divided into three series for different

numbers of SOP block products. We selected blocks with 3

products (k=3), 5 products (k=5), and 7 products (k=7).

First, we analyzed the strategies for assigning the probability

p(x;) of state 1 for given inputs x; for the proposed approach.

Three probability distribution approaches p(x;) were adopted:

* P[o.5] — the probability of state 1 for each input is constant
and equal to 0.5; For the remaining inputs, the probabilities
are selected from the range [0.1, 0.9], with the probabilities
for subsequent inputs:

* Plo.1, 0.9] — ordered in ascending order (as in the example
from Section 6);

» P[o.9,0.1] - ordered in descending order.
Tables 7, 8, and 9 summarize the results obtained for SOP
blocks with 3, 5, and 7 products, respectively.
Tables 7-9, in the first columns, contain information about
individual benchmarks (name, number of inputs, number of
outputs). The following columns group the switching activity
values and parameters regarding the number of levels of the
created structures for three probability assignment strategies
(Pros], P[o.1-0.91, P[o.9-0.1]). The parameters describing the
number of levels include: the number of levels for the classical
parallel structure (f}’), the classical cascade structure ($f), the
structure created according to the proposed algorithm  (¢7),
and the parameter u.. The last rows of each table contain the
sum or average value of the individual parameters.

TABLE 7. Summary of network parameters for SOP blocks with k=3
and selected probability assignment strategies

Banchmark
Name
Sxpl

bw 21 11 9
bw_27_26 25
bw_321
bw_432
clip_432
ldd_mno
‘misex]_3456
misex1_356
‘misex]_3567
misex1_367
misex]_4567
misex1_567

SW
28.957
5.098
5.059
7.315
5.987
26.152
5.960
7.283
6.215
7.921
5.623
7.590
6.522
10.062
29.189
15.852
15.802
5.968
10.444

)
oy

SW.

133) 20432
150] 4.181
100)] 3.416
100} 6172
100) 5.187
125) 18.066
150] 11360
150) 6.688
150) 6268
150) 7.225
150) 4749
150 6378
150] 5.904
100] 6420
1.00) 18238
100) 5266
100§ 5273
100) 1537
100§ 3791

=
I

i

7 |233
3 |150
2 1100
2 |100
2 1100
7 1175
3 1150
3 1150
3 1150
3 1150
3
3
3
6
9
6
5
6
&
6
L

150
150
150
2.00

mwwwuwuwgmumummﬁ
o [ s o [ e [ e [ [ |

cofw | fw | o |w o B || w e JSiE

rd53
73
sz 20|10
sa02 310 |10
sz 320 |10
sa02 321 |10
sac2 10 16022 1o0] 5289 10
san 7 13301 133] 571 3
Sam: 243332 160) 157.621 160 177374 160] @
Mean: 123 162 168

The individual sums or average values for Tables 7, 8 and 9
are presented as graphs in Figures 8, 9 and 10.

Analyzing the graphs in Figures 8a, 9a, and 10a, it is clearly
visible that, regardless of the number of products, the worst
results are obtained for the probability distribution P[0.5]. This
confirms the original thesis, which is a key element of the
developed algorithm, that input signal probability values
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closer to 0.5 cause more frequent switching of the entire
network, which undoubtedly leads to higher values of the
summary SW coefficient. In each case, the application of the
proposed algorithm led to a reduction in the summary value of
the SW coefficient for the probability distributions consistent
with P[0.1-0.9], P[0.9-0.1].

TABLE 8. Summary of network parameters for SOP blocks with k=5
and selected probability assignment strategies

Benchmark Plo) Pios) | Plasay
Name [ infoud sw [&F &F J&F [we | sw [&F 18 |6 [ | sw (& 6 [&F [
1 1 7|0 21798 | 2 [ 5] 3 [150] 15918 | 2 | 5 | 4 |200] 14790 | 2 | 5 | a [200
2| bw2i 19 |5|3] aa [ 2| 2] 2 |too] 358 [2[2]2 LEI—]l 3672 | 2| 2 | 2 [100
3| bwar 25| 5| 3| aza | 1| 1] 1 [1oo] 2801 | 1| 1|t [soo| 38aa | 1| 1] 1100
[@a] bw3zn |s|3] sost [ 1] 1] 1|too] ages [ 1|1 ]2 1E| 3714 | 1] 1| 1 100
S| bwasz [s|a] awo [t 1] 1 [voo| 3 [ 1| 1|1 [soo| 2638 [ 1| 1] 1100
6| cipa3z |10 3| 17740 | 3 1] & [133] 12284 [ 3 [11] & z.ml 14577 | 3 | 11| 5 [167
[7] lddmno |o|a| aas | 2| 2|2 [1o0f s3sr | 2| 2|2 [voo] ovez [ 2|2 [ 2 [1o0
8 | misex1 3456 | 8 | 4| 5012 | 2 | 2| 2 [too| a9 [ 2| 2] 2 1.u—3| 1935 | 2| 2] 2 [to0
[o| misex1356 | 7| 3| aers | 2| 2 | 2 [100f] a377 | 2 | 2 |2 [voo| vsav [ 2|2 |2 [0
10| misex1 3567 | 7| 4] Sa0a | 2 | 2| 2 [too| 5072 | 2 [ 2 | 2 [roo] 2223 [ 2 [ 2| 2 [1o0
11| misex1 367 | 7| 3] 3917 | 2 | 2| 2 |[too| 3382 | 2 | 2 | 2 [1oo] 160a | 2 | 2 | 2 [100
12| misext 4567 | 8| 4] 5162 | 2 | 2| 2 [1oo] as13s | 2 [ 2| 2 [1oo] 2220 [ 2 [ 2] 2 [100
13| misexi 567 | 8| 3] aazs | 2 | 2| 2 |[too| a1as | 2 [ 2| 2 [roo] 1796 [ 2 [ 2 [ 2 [too
1a 53 S| 3| 705 [ 2| 4] 2 [100] asas | 2| a |4 |200] a6ss | 2| 4] 4 [z00
15 73 7| 3| 20100 | 3 [ 16] 3 [100] 12804 | 3 |16 & |200| 13858 | 3 | 16] 6 [200
[16] sso2 210 0| 3| 10910 2 [ 6| 3 [ts0|] 36a3 [ 2 | 6| 4 [200] 10651 | 2 [ 6 [ 4 [200
17| sa02.310 10| 3| 10890 | 2 [ 6] 3 |1s0] 3647 [ 2 | 6] @ z.uul 10588 | 2 | 6 | 4 [200
18| sao2320 |10| 3] aos7 | 2 [ 5| 2 [too] 1065 | 2 | 5|3 [150] a315 | 2 [ 5| a[e00
[19] sso2321 |10| 3| 726 | 2 [ 6] 3 [150] 2619 | 2 [ 6| & zE' 5828 | 2| 6| 4 [200
[0 02 10| 3| 110a1 | 2 [ 6| s [150] 3658 | 2 | 6 | 4 |200] 1079 | 2 | 6 | 4 [200
21 san 73| o165 | 2 [ 5| = [150] 3627 [ 25|« zE' 9867 | 2] 5 | 4 J200
Sum: 170.706 | a1 ] 83| 4% 113.255] a1 89 | 62 126568 | 41| 89| 62
Mean: T16] 145 Ta6

TABLE 9. Summary of network parameters for SOP blocks with k=7
and selected probability assignment strategies

Benchmark Pios) Pliog) | jpaay)
Name Jinfoud sw J&F [& [ 1w | sw & 16 [ Ju | sw [& 516 [o
1 L 7|20 1ess3 [ 2 [ | 3 [vsof 14389 [ 2 [ 33 [icof 13461 | 2| 3|3 [150
2| bwa2iito|s|3| a2rs |t [ 1| 1 [too] 3420 | 1 [ 1]t [too] 3509 [ 1] 1|t [tog
3| bw 272625 s 3| azas | 1 [ 1| 1 [1oo] 201 | 1 [ 1|1 [1oo] 3948 | 1] 1| 1 [voo]
@ bw3et [sf3| soar | 1| 1] 1|100] aass | 1 [1]1 LEI—]I 3714 | 1] 1| t [Loo]
S| bwasz Js|3| awo |1 [ 1|1 |too] 3818 | 1 [ 1|1 [1o0] 2638 | 1] 1| 1 [voo]
5| cipasz fi0|3| 1aesa | 2 [a | 3 [150] w018 | 2 [ & [ a zml 12039 | 2 [ a | a 200
7| dmne Jof3| 3620 |t [ 1| 1|too] e=32 | 1| 1|t [ioo] o763 | 1] 1| 1 [too]
S | misexi 3456 | 8 | 4| aser | 1 [ 1| 1 |too] ass7 | 1 [ 1] 1 mol 1908 | 1| 1] 1 |Loo
[ misexi 356 | 7 [ 3] 2853 | 1| 1| 3 [voo] azes [ 3|1 ] 1 [voo] 1530 [ 33|31 too
10| misext 3567 | 7 | 4| 4579 | 1| 1 [ 1 |too| 4920 | 1 [ 1|t |too] 2208 | 1 [ 1] 1 |Loo
11| misexi367 | 7 | 3] 3492 | 1| 1| 1 |roof 3230 [ 1 | 1|1 |roo] 1587 | 1| 1] 1 |voo
12| misext 4567 | 8| 4| 4737 | 1| 1| 1 |1oo| 4373 [ 1 [ 1|1 |roo] 2198 |1 [ 1] 1 |voo
13| misex1 567 | 8| 3] 4003 | 1| 1 [ 1 |1o0] aoos | 1 [ 1|1 [too] 1770 [ 1| 1] 1 |too
T4 rd53 S| 3| 6059 | 2| 35| 2 |to0] aos8 | 2 | 3|3 |150] aoes | 2 [ 3] 3 [Ls0
15 73 7| 3| 16520 | 3 [11] = |roof 10518 | 3 1] 5 |167] 11043 | 5 | 31| 5 [1e7
[16] saoz 210 Jiof 3] o304 | 2| a| 2 [vo0] 3015 [ 2 | 4| 4200 savo [ 2 a3 [rs0
17| sao2310 0| 3| 273 | 2 | 4 [ 2 [too] 3018 [ 2 |43 1.ﬂ 8925 | 2| 4| 3 [Lso]
[18] ssc2 320 Jaofa| 3625 | 2| 4| 2 |100] omse | 2 [ & | 4 [200] 3507 | 2 [ a3 |is0
19| sao2 321 || 3| 6034 | 2| 4| 2 |ro0] 2155 | 2 | 4| a Z.EI—]I 5837 | 2| a| 3 |Lso)
20 202 wf3| 9412 | 2 [ a|2|1o0] 3028 | 2| 4] a]200] 9103 | 2] a3 [1s0]
[21] san 73] 7565 [ 2[5 [ 3 fxsof 300 [ 2 [ 3] 3 [150] 815 [ 2| 3] [150
Sum: Tag.292 | 32 | 55| 35] | 100.660 | 32 | 55 | 48 111.009 | 32 | 55 | 44
Mean: 107 137 127

For Figures 8b, 9b, and 10b representing the number of levels,
it can be seen that for the P[o.5] distribution, the number of
levels of the proposed approach (§7) is closer to the solutions
obtained for the classical parallel method (f}’) (i.e., the
optimal solution).

In the case of the P[o.1, 0.9] and P[0.9, 0.1] distributions, the
obtained number of levels for the proposed algorithm (§7)
leads to solutions intermediate between the solutions for the
classical parallel method (5}?) and the classical cascade
method ($£). It is difficult to indicate the advantage of one
distribution over the other. However, it is clear that the
obtained minimization of dynamic power is associated with
the need to increase the number of levels.

a) sw
300,000
250,000
200.000
150,000
100.000

50.000

0.000
Pm_s] P|n 1,09] Plns.n 1]
b) Levels
! Py
1Py
Plos, 01
c)
M,
180
160
140
120
1.00
0.80
0.60
0.40
020
0.00
Plas Ployog Pios,0q

Fig.8. Obtained results of the SOP network mapping in 3-product
blocks: total SW value (a), number of logical levels for the classic
parallel method, cascade method and the proposed solution (b),
average value of the pe coefficient (c)

a) SW

180.000

160.000
Ppos) Plas,09) Plas,01)

140.000
120.000
100.000
B0.000
60.000
40.000
20.000
0.000

Levels

80 I

. I

60 g — | Ppyg
50 — 1 Ppiog
40 [ P[o.g.u.u
30 —

20 —

10 —

0

Fig.9. Obtained results of the SOP network mapping in 5-product
blocks: total SW value (a), number of logical levels for the classic
parallel method, cascade method and the proposed solution (b)
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Fig.9. Obtained results of the SOP network mapping in 5-product
blocks: average value of the pe coefficient
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Fig.10. Obtained results of the SOP network mapping in 7-product
blocks: total SW value (a), number of logical levels for the classic
parallel method, cascade method and the proposed solution (b),
average value of the pe coefficient (c)

Figures 8c, 9¢c and 10c show that for the P[0.5] distribution the
mean value of the u, coefficient is always the smallest, so
this distribution leads to the best solutions in terms of dynamic
properties.
After confirming the influence of the input signal probability
distribution on the SW, it is necessary to evaluate the
effectiveness of the proposed algorithm in reducing the SW
value. For this purpose, Table 10 compares the summed SW
values (the last row of Tables 7, 8, and 9) with the results for
other approaches. The following notations are introduced:
» Proposed approach — function mapping using the
presented method,
» Cl_cascade — function mapping using the classical
cascade method (immediately after minimization —
without sorting the implicants),

» Cl_cascade_sort — function mapping using the classical
cascade method with sorting the implicants,

* CL parallel — function mapping using the classical
parallel method (immediately after minimization —
without sorting the implicants),

» Cl_parallel_sort - function mapping using the classical
parallel method with sorting the implicants.

Table 10 also includes the number of SOP block products (k)
and the input probability distribution.

TABLE 10. Synthetic comparison of the proposed solution with
alternative solutions for different SOP sizes in terms of SW

SUM of SW
plxi) K proposed | CI_cascade e Cl_parallel _parallel
approach sort sort

3 243332 306.503 319.101 251.471 255,272

Pus 5 170.706 152,605 197 988 181.864 183.552
7 148.292 157,959 160.473 154,354 155.397

3 157,621 238952 253.789 192.141 195.703

Py os 5 113.259 149,986 158.623 142,132 143.372
7 100.66 121,980 125.299 116.843 117.631

3 177.374 277.198 285.202 215.644 217.415

Prog, o) 5 126.568 172 868 174.539 154.112 155352
7 111.009 140.356 143.376 132,967 134.968

Total SW: 1348821 | 1758.407 | 1818350 | 1541528 | 1558.662

The last row of Table 10 shows the sum of the SW coefficient
values for each method (regardless of the k value and the
probability distribution). These values are presented in the
form of a graph in Figure 11.

Total SW
2000
1800
1600
1400
1200
1000
800
600
400
200
0
proposed  Cl_cascadesort Cl_cascade  Cl_parallel sort  Cl_parallel
approach

Fig.11. Comparison of SW for different mapping strategies in SOP
networks

Looking at the graph in Figure 11, it is clear that the proposed
solution is the most efficient in terms of dynamic power
(minimum SW value). Significantly worse solutions were
obtained for the classical parallel method, and the worst for
the classical cascade method. It is also clear that this tendency
is independent of the sorting of input variables. Pre-sorting the
implicants leads to a slight reduction in dynamic power,
which, however, does not change the overall energy-saving
characteristics of the mapping method.
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8. CONCLUSIONS

The experimental results clearly indicate that the proposed
method of technology mapping logic functions in the form of
a SOP network leads to a significant reduction in switching
activity (SW) compared to other, commonly used classical
methods. Importantly, the achieved improvement in energy
efficiency does not come at the cost of significantly degrading
the network's dynamic properties. The results obtained for the
developed mapping algorithm are significantly better
dynamically than the classical cascade method, and are often
comparable to those achieved using the dynamically optimal
classical parallel method.

An additional advantage of the proposed method is its
algorithmic  simplicity. It does not require complex
optimization procedures or a significant increase in
computational cost, making it relatively easy to implement
into existing logic function mapping algorithms in CAD-based
synthesis support systems. This makes it attractive not only
from a theoretical perspective but also from a practical
perspective, especially in the context of designing low-power
systems.

It should be noted, however, that other approaches are also
known to reduce switching activity in SOP networks through
direct minimization, such as methods based on output graphs.
Integrating these methods with the observations and
conclusions presented in this paper creates a realistic
possibility of obtaining near-optimal SOP network solutions.
The authors see significant development potential in this area
of further research and plan to work in the near future on
combining both approaches within a coherent process of
optimizing multi-output functions described by output graphs.
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